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Area	 Site	 Type	 Map	key	 Years	visited	






	 Prenton,	Wirral	 plot	 3	 2016,	2017,	2018	
	 Burton,	Cheshire	 plot	 4	 2018	
	 Claremont	Farm	 farm	 5	 2016,	2017	
Tayside	 Mylnefield,	Dundee	 plot	 6	
2016,	2017,	
2018	
	 Balruddery,	Dundee	 farm	 7	
2016,	2017,	
2018	
Perth	 Moncrieffe	Island	Allotments	 plot	 8	 2016,	2018	
Fife	 Weir	Farm	 farm	 9	 2016	
	 Foodie	Farm	 farm	 10	 2016	
	 Abercrombie	Farm	 farm	 11	 2016	
Angus	 Cardean	Field	 farm	 12	 2016	
	 Brax	Farm	 farm	 13	 2016	




























































Clonal	Line	 Genotype	 Collection	location	 Experiment	
MW16/67	 1	 Fife	–	2016	 Parasitoid	attack,	cold	exposure	
MW17/28	 1	 Mylnefield	–	2017	 Cold	exposure	
MW16/48	 2	 Perth	–	2016	 Parasitoid	attack,	cold	exposure	
AK15/01	 2	 (Alford,	Lincs	-	2015)	 Cold	exposure	
MW16/52	 3	 Perth	-	2016	 Parasitoid	attack,	cold	exposure	














































































































































































































		 Estimate	 Std.	Error	 z	value	 Pr(>|z|)	 		
(Intercept)	 -2.77614	 0.71399	 -3.888	 0.000101	 ***	
genotype2	 2.0149	 0.43461	 4.636	 3.55E-06	 ***	
genotype3	 1.7346	 0.44281	 3.917	 8.96E-05	 ***	
genotype6	 0.60614	 0.50752	 1.194	 0.232356	 	
genotype7	 -0.18232	 0.60553	 -0.301	 0.763342	 	
genotypep1	 -0.18232	 0.60553	 -0.301	 0.763342	 	
genotypep2	 0.77614	 0.72774	 1.067	 0.286195	 	
genotypep3	 -0.32247	 1.09375	 -0.295	 0.768124	 	
genotypep4	 -0.82557	 1.08677	 -0.76	 0.44746	 	
genotypep5	 -0.82557	 1.08677	 -0.76	 0.44746	 	
genotypep6	 -0.32247	 1.09375	 -0.295	 0.768124	 	
genotypep7	 0.15415	 0.55635	 0.277	 0.781722	 	
genotypes1	 -0.32247	 1.09375	 -0.295	 0.768124	 	
genotypes10	 -0.82557	 1.08677	 -0.76	 0.44746	 	
genotypes11	 -0.82557	 1.08677	 -0.76	 0.44746	 	
genotypes12	 -0.82557	 1.08677	 -0.76	 0.44746	 	
genotypes2	 -0.32247	 1.09375	 -0.295	 0.768124	 	
genotypes3	 -0.82557	 1.08677	 -0.76	 0.44746	 	
genotypes4	 -0.82557	 1.08677	 -0.76	 0.44746	 	
genotypes5	 -0.82557	 1.08677	 -0.76	 0.44746	 	
genotypes6	 -0.82557	 1.08677	 -0.76	 0.44746	 	
genotypes7	 -0.82557	 1.08677	 -0.76	 0.44746	 	
genotypes8	 -0.82557	 1.08677	 -0.76	 0.44746	 	
genotypes9	 -0.82557	 1.08677	 -0.76	 0.44746	 	
siteplot	 0.96161	 0.23032	 4.175	 2.98E-05	 ***	
year2017	 -0.08697	 0.2757	 -0.315	 0.75243	 	
year2018	 0.1971	 0.23536	 0.837	 0.402354	 	
locFife	 2.32542	 0.65977	 3.525	 0.000424	 ***	
locMerseyside	 0.55687	 0.65366	 0.852	 0.394255	 	
locPerth	 0.93551	 0.66057	 1.416	 0.156711	 	














year	 sample	location	 1	 2	 3	 6	 7	 p1	 p2	 p7	 unplaced	 Total	
2016	 Angus	 0	 0	 0	 0	 1	 1	 0	 0	 0	 2	
	 Tayside	 0	 7	 11	 1	 1	 1	 0	 1	 0	 22	
	 Fife	 1	 10	 0	 0	 0	 0	 0	 1	 0	 12	
	 Merseyside	 0	 1	 0	 1	 0	 0	 0	 0	 0	 2	
		 Perth	 0	 1	 4	 0	 0	 1	 0	 0	 0	 6	
2017	 Tayside	 1	 9	 2	 0	 1	 1	 3	 0	 4	 21	
	 Merseyside	 0	 3	 2	 4	 0	 0	 0	 3	 0	 12	
2018	 Angus	 1	 0	 0	 0	 0	 0	 0	 0	 0	 1	
	 Balruderry	 1	 13	 6	 1	 2	 0	 0	 2	 10	 35	
	 Merseyside	 0	 0	 1	 2	 0	 0	 0	 0	 2	 5	
	 Perth	 2	 1	 8	 2	 0	 1	 0	 0	 0	 14	







year	 site	type	 1	 2	 3	 6	 7	 p1	 p2	 p7	 unplaced	 Total	
2016	 farm	 1	 14	 0	 1	 1	 1	 0	 1	 0	 19	
	 plot	 0	 5	 15	 1	 1	 2	 0	 1	 0	 25	
2017	 farm	 0	 1	 0	 3	 0	 0	 1	 0	 2	 7	
	 plot	 1	 11	 4	 1	 1	 1	 2	 3	 2	 26	
2018	 farm	 1	 8	 0	 1	 1	 0	 0	 1	 3	 15	
	 plot	 3	 6	 15	 4	 1	 1	 0	 1	 9	 40	






































































































































































































































































































































































































Me1		 Me1F		 [6-FAM]-	TTCGCGAAAAACTTTATGACC		Me1R		 TCGCTGCGTTCCTATACTACC		
Me5		 Me5F		 [6-FAM]-	GCAAATATTAAGGGTACAG		Me5R		 CCAATTAAAACAACTTCGTGG		
Me7		 Me7F		 [6-FAM]-	TTAAGTCACTGCCGGTTCG		Me7R		 ATTAGCTCGAGCTCGTAC		
Me9		 Me9F		 [6-FAM]-	AGCGAAACCTCCCCTAATAG		Me9R		 GCACAAATAAGCTCGAGTGC		
Me10		 Me10F		 [6-FAM]-	TCGCTGCGAGACTCGTATTG		Me10R		 GACGACGACGTGTACAATG		
Me11		 Me11F		 [6-FAM]-	CGTTTTCTACCCAAAGGAGG		Me11R	 ATTGTCCGTATACCACGACG	






























Time		 Temperature		 Repeat		 Action		













Gene	 Primer		 Sequence	(5’-	3’)		 Source	













































Time		 Temperature		 Repeat		 Action		


































		 		 		 95	%	CI	 		 		




gen3	+	gen3	wasp	 -2.86	 -4.05	 -1.67	 0.00	 *	
gen1	wasp	+	gen3	wasp	 -4.70	 -5.87	 -3.52	 0.00	 *	
gen1	+	gen3	wasp	 -2.90	 -4.07	 -1.72	 0.00	 *	
	 gen1	wasp	+	gen3	 -1.84	 -2.79	 -0.88	 0.00	 *	
	 gen1	+	gen3	 -0.04	 -0.99	 0.92	 1.00	 	
	 gen1	+	gen1	wasp	 1.80	 0.86	 2.74	 0.00	 *	




gen3	+	gen3	wasp	 -2.86	 -4.05	 -1.67	 0.00	 *	
gen1	wasp	+	gen3	wasp	 -4.70	 -5.87	 -3.52	 0.00	 *	
	 gen1	+	gen3	wasp	 -2.90	 -4.07	 -1.72	 0.00	 *	
	 gen1	wasp	+	gen3	 -1.84	 -2.79	 -0.88	 0.00	 *	
	 gen1	+	gen3	 -0.04	 -0.99	 0.92	 1.00	 	
	 gen1	+	gen1	wasp	 1.80	 0.86	 2.74	 0.00	 *	
		 		 		 		 		 		 		
Total	
Fecundity	
gen3	+	gen3	wasp	 16.86	 -4.05	 37.76	 0.15	 	
gen1	wasp	+	gen3	wasp	 24.44	 3.77	 45.11	 0.01	 *	
	 gen1	+	gen3	wasp	 24.84	 4.17	 45.51	 0.01	 *	
	 gen1	wasp	+	gen3	 7.58	 -9.20	 24.36	 0.63	 	
	 gen1	+	gen3	 7.98	 -8.80	 24.76	 0.59	 	
	 gen1	+	gen1	wasp	 0.40	 -16.09	 16.89	 1.00	 	




gen3	+	gen3	wasp	 0.49	 -0.38	 1.36	 0.44	 	
gen1	wasp	+	gen3	wasp	 0.76	 -0.10	 1.61	 0.10	 	
gen1	+	gen3	wasp	 0.96	 0.10	 1.82	 0.02	 *	
	 gen1	wasp	+	gen3	 0.27	 -0.43	 0.96	 0.73	 	
	 gen1	+	gen3	 0.47	 -0.23	 1.16	 0.29	 	
	 gen1	+	gen1	wasp	 0.20	 -0.48	 0.88	 0.86	 	













		 		 		 95	%	CI	 		 		




gen2	+	gen2	wasp	 1.00	 -0.54	 2.54	 0.32	 	
gen1	wasp	+	gen2	wasp	 0.13	 -1.41	 1.67	 1.00	 	
gen1	+	gen2	wasp	 0.27	 -1.27	 1.81	 0.97	 	
	 gen1	wasp	+	gen2	 -0.87	 -1.76	 0.02	 0.06	 +	
	 gen1	+	gen2	 -0.73	 -1.62	 0.16	 0.14	 	
	 gen1	+	gen1	wasp	 0.13	 -0.76	 1.02	 0.98	 	
		 		 		 		 		 		 		
Total	
Fecundity	
gen2	+	gen2	wasp	 -14.67	 -39.48	 10.15	 0.40	 	
gen1	wasp	+	gen2	wasp	 3.27	 -21.55	 28.08	 0.98	 	
	 gen1	+	gen2	wasp	 6.80	 -18.01	 31.61	 0.88	 	
	 gen1	wasp	+	gen2	 17.93	 3.61	 32.26	 0.01	 *	
	 gen1	+	gen2	 21.47	 7.14	 35.79	 0.00	 *	
	 gen1	+	gen1	wasp	 3.53	 -10.79	 17.86	 0.91	 	




gen2	+	gen2	wasp	 -0.57	 -1.69	 0.55	 0.53	 	
gen1	wasp	+	gen2	wasp	 0.16	 -0.96	 1.28	 0.98	 	
gen1	+	gen2	wasp	 0.59	 -0.53	 1.71	 0.51	 	
	 gen1	wasp	+	gen2	 0.74	 0.09	 1.38	 0.02	 *	
	 gen1	+	gen2	 1.16	 0.51	 1.81	 0.00	 *	
	 gen1	+	gen1	wasp	 0.43	 -0.22	 1.07	 0.31	 	




















(Intercept)	 2.9893	 0.367	 8.146	 3.78E-16	 ***	
Condcontrol	 -0.4711	 0.4851	 -0.971	 0.33148	 	
Age3	 -1.5407	 0.3713	 -4.15	 3.33E-05	 ***	
Age7	 -0.4345	 0.4218	 -1.03	 0.30294	 	
Genotype2	 -1.3341	 0.3772	 -3.537	 0.000405	 ***	
Genotype3	 -1.1793	 0.3825	 -3.083	 0.002048	 **	
Condcontrol:Age3	 1.2253	 0.515	 2.379	 0.017344	 *	
Condcontrol:Age7	 0.2984	 0.5603	 0.532	 0.594381	 	
Condcontrol:Genotype2	 1.7666	 0.5649	 3.127	 0.001764	 **	
Condcontrol:Genotype3	 1.8455	 0.5899	 3.129	 0.001757	 **	
Age3:Genotype2	 0.9035	 0.4476	 2.018	 0.043564	 *	
Age7:Genotype2	 0.3279	 0.499	 0.657	 0.511045	 	
Age3:Genotype3	 1.8605	 0.4797	 3.879	 0.000105	 ***	
Age7:Genotype3	 1.1793	 0.5396	 2.186	 0.028839	 *	
Condcontrol:Age3:Genotype2	 -1.7184	 0.6886	 -2.496	 0.012574	 *	
Condcontrol:Age7:Genotype2	 -0.5498	 0.7527	 -0.73	 0.465131	 	
Condcontrol:Age3:Genotype3	 -2.2813	 0.745	 -3.062	 0.002197	 **	




























(Intercept)	 3.9407	 0.7336	 5.371	 7.81E-08	 ***	
Condcontrol	 -1.348	 0.8489	 -1.588	 0.1123	 	
Age3	 -2.4587	 0.7577	 -3.245	 0.00118	 **	
Age7	 -1.4554	 0.8029	 -1.813	 0.06989	 .	
LineageAK15/01(2)	 -2.0884	 0.7695	 -2.714	 0.00665	 **	
LineageMW16/48(2)	 -2.4587	 0.7578	 -3.245	 0.00118	 **	
LineageMW16/52(3)	 -2.3211	 0.7616	 -3.048	 0.00231	 **	
LineageMW17/04(3)	 -1.9093	 0.7771	 -2.457	 0.01401	 *	
LineageMW17/28(1)	 -1.4554	 0.803	 -1.812	 0.06992	 .	
Condcontrol:Age3	 1.9622	 0.9105	 2.155	 0.03116	 *	
Condcontrol:Age7	 0.8604	 0.9445	 0.911	 0.36233	 	
Condcontrol:LineageAK15/01(2)	 3.3942	 1.1195	 3.032	 0.00243	 **	
Condcontrol:LineageMW16/48(2)	 2.3142	 0.9288	 2.492	 0.01272	 *	
Condcontrol:LineageMW16/52(3)	 2.6791	 0.971	 2.759	 0.0058	 **	
Condcontrol:LineageMW17/04(3)	 2.7992	 1.0484	 2.67	 0.00758	 **	
Condcontrol:LineageMW17/28(1)	 1.3109	 0.9661	 1.357	 0.1748	 	
Age3:LineageAK15/01(2)	 1.4263	 0.84	 1.698	 0.08952	 .	
Age7:LineageAK15/01(2)	 1.8413	 0.9167	 2.009	 0.04458	 *	
Age3:LineageMW16/48(2)	 2.213	 0.8351	 2.65	 0.00805	 **	
Age7:LineageMW16/48(2)	 1.0442	 0.8737	 1.195	 0.23203	 	
Age3:LineageMW16/52(3)	 2.6914	 0.8542	 3.151	 0.00163	 **	
Age7:LineageMW16/52(3)	 2.8261	 0.963	 2.935	 0.00334	 **	
Age3:LineageMW17/04(3)	 2.9126	 0.8979	 3.244	 0.00118	 **	
Age7:LineageMW17/04(3)	 1.6621	 0.923	 1.801	 0.07173	 .	
Age3:LineageMW17/28(1)	 1.3906	 0.8797	 1.581	 0.11393	 	
Age7:LineageMW17/28(1)	 1.6007	 0.9671	 1.655	 0.09789	 .	
Condcontrol:Age3:LineageAK15/01(2)	 -3.0888	 1.2437	 -2.483	 0.01301	 *	
Condcontrol:Age7:LineageAK15/01(2)	 -2.1941	 1.3438	 -1.633	 0.10251	 	
Condcontrol:Age3:LineageMW16/48(2)	 -2.2585	 1.0844	 -2.083	 0.03727	 *	
Condcontrol:Age7:LineageMW16/48(2)	 -0.5781	 1.1261	 -0.513	 0.60769	 	
Condcontrol:Age3:LineageMW16/52(3)	 -2.8262	 1.1472	 -2.464	 0.01376	 *	
Condcontrol:Age7:LineageMW16/52(3)	 -1.9974	 1.2823	 -1.558	 0.1193	 	
Condcontrol:Age3:LineageMW17/04(3)	 -3.306	 1.2476	 -2.65	 0.00805	 **	
Condcontrol:Age7:LineageMW17/04(3)	 -1.7922	 1.2722	 -1.409	 0.15892	 	
Condcontrol:Age3:LineageMW17/28(1)	 -1.023	 1.134	 -0.902	 0.36702	 	








































































































































































num.	contigs	 220	 21,425	 23,452	 3,209	 5,636	
Total	length															326,023,155	 540,926,991	 541,490,866	 308,063,388	 395,057,805	
GC	(%)																					 27.69	 29.76	 29.76	 27.27	 29.07	
N50																								 93,298,903	 132,544,852	 518,681	 5,864,887	 397,774	











num.	contigs	 49,286	 4,022	 13,407	 15,587	
Total	length															405,711,039	 347,304,760	 354,698,803	 319,422,546	
GC	(%)																					 29.87	 30.03	 30.19	 27.77	
N50																								 23,273	 435,781	 164,460	 116,185	






















































































































































































































































































































































































































































































































































































































































































































































bases	masked	%	 38.06	 29.55	 18.50	 19.53	
SINEs	%	 0.00	 0.00	 0.00	 0.00	
LINEs	%	 1.96	 1.31	 1.04	 0.54	
LTR	elements	%	 2.16	 0.53	 0.33	 0.09	
DNA	elements	%	 3.36	 1.51	 1.14	 1.04	
Unclassified	%	 27.20	 22.85	 12.11	 13.02	
Total	interspersed	repeats	
%	 34.69	 26.19	 14.63	 14.69	
Small	RNA	%	 0.00	 0.00	 0.00	 0.00	
Satellites	%	 0.00	 0.00	 0.00	 0.00	
Simple	repeats	%	 3.10	 3.06	 3.45	 4.25	






































MinION	 2	 29,842	 473	
(pinfish)	 5	 7,268	 213	
		 10	 3,312	 151	
Illumina	 N/A	 69,957	 1,998	












































































































































predicted	immune	function	 A.	pisum	 M.	euphorbiae	 M.	persicae	(O	clone)	 D.	noxia	 A.	glycines	
alarm	pheromone	production	 2	 2	 2	 2	 3	
antimicrobial	peptide	 7	 5	 4	 2	 1	
bacterial	and	fungal	pattern	recognition		 2	 2	 2	 4	 2	
bacterial	recognition,	induction	of	phenoloxidase	 5	 4	 3	 4	 4	
detoxification	 19	 15	 13	 9	 11	
fungal	degradation	 8	 7	 8	 10	 6	
general	stress	response	 16	 20	 15	 17	 12	
IMD	pathway	 4	 5	 4	 4	 4	
jak/stat	pathway	 9	 5	 7	 4	 6	
Janus	kinase	pathway	 7	 6	 5	 3	 4	
mark	pathogens	for	phagocytosis	 2	 1	 1	 1	 1	
microbial	degradation	 3	 3	 3	 3	 3	
multiple	hypothesized	functions	 2	 2	 2	 2	 1	
produce	nitric	oxide,	a	toxic	gas	 1	 1	 1	 1	 1	
proPO	1/2	 2	 1	 2	 2	 2	
clip-domain	serine	protease	 4	 8	 3	 3	 3	










































































A.	pisum	 638	 567	 19	 4	 7	
M.	euphorbiae*	 620	 566	 25	 (not	present)	
(not	
present)	









































































































































































































































































































































































































































































































































































































































































































































Clonal	Line	 Genotype	 Symbiont	status	 Parasitoid	susceptible	
MW16/67	 1	 -	 Yes	
AA09/03*	 1	 H.	defensa	 Yes	
AA09/04*	 1	 H.	defensa	+	APSE	 Yes	
R.	res*	 1	 H.	defensa	 Yes	
AK13/27	 1	 -	 Yes	
RB15/10*	 1	 H.	defensa	+	APSE	 Yes	
AK13/30	 2	 H.	defensa	+	APSE	 No	
MW16/38	 2	 R.	insecticola/H.	defensa	+	APSE	 No	
MW16/48	 2	 -	 No	
MW17/01	 2	 H.	defensa	+	APSE	 No	
MW17/23	 2	 H.	defensa	+	APSE	 No	
MW17/33	 2	 R.	insecticola/H.	defensa	+	APSE	 No	
MW16/52	 3	 -	 No	
MW16/88	 3	 H.	defensa	+	APSE	 No	
MW16/40	 6	 -	 No	
MW17/31	 6	 R.	insecticola/H.	defensa	+	APSE	 No	
MW16/113	 7	 -	 No	












































































































































































































































































































		 1	 2	 3	 6	 7	 p7	
1	 -	 -	 -	 -	 -	 -	
2	 0.32	 -	 -	 -	 -	 -	
3	 0.42	 0.32	 -	 -	 -	 -	
6	 0.39	 0.26	 0.21	 -	 -	 -	
7	 0.46	 0.33	 0.32	 0.35	 -	 -	




































g20675	 Scaffold-10	 domeless	2	(jak/stat)	 36517786	 G	=>	C,	His	=>	Asp	
	   36517789	 C	=>	T,	Val	=>	Ile	
	   36517791	 G	=>	A,	Thr	=>	Met	
	   36517800	 C	=>	T,	Arg	=>	His	
	   36520673	 T	=>	A,	Thr	=>	Ser	


















	   2126208	 T	=>	G,	Lys	=>	Gln	























































































































































































g31161	 Scaffold-1907	 138938398-138940088	 ACYPI004372	-	basket	 gain	 jnk	pathway	 1	
g15921	 Scaffold-1918	 4524813-45254260	 ACYPI001367,	ACYPI004484	-	proPO	1/2	 loss	 melanisation	 2	






g2430	 Scaffold-619	 356924-360039	 ACYPI002386	-	Jun-related	antigen		 gain	 jnk	pathway	 5	
g4723	 Scaffold-1908	 8183988-8188883	 ACYPI006598	-	GstD6	(glutathione-s-transferase)	 gain	 detoxification	 6	




































































































































































































































































O-phospho-choline_99	 3.7139	 0.063477	 0.13898	 2.1474	 0.15321	 0.55909	 10.575	 0.002832	 0.023563	
O-phosphocholine_117	 29.047	 7.75E-06	 1.33E-04	 4.2294	 4.85E-02	 0.24893	 26.896	 1.38E-05	 0.0018619	
arginine_112	 0.01686	 0.89755	 0.91069	 18.384	 0.0001723	 0.0039819	 16.507	 0.00032117	 0.006073	
arginine_114	 0.44413	 0.51023	 0.5896	 12.596	 0.0012962	 0.012255	 11.455	 0.0020031	 0.018115	
asparagine_135	 8.3498	 0.0071005	 0.025911	 2.8424	 0.10218	 0.43375	 24.293	 2.85E-05	 0.0018619	
*	dimethylamine_142	 33.239	 2.69E-06	 7.00E-05	 25.009	 2.32E-05	 0.00085531	 14.949	 0.00055059	 0.0067366	
*	glucose_111	 16.567	 0.00031469	 0.0026182	 17.504	 0.00022993	 0.0043477	 8.9815	 5.43E-03	 0.036286	
*	glucose_115	 9.1877	 0.0049832	 0.019933	 13.19	 0.0010386	 0.012001	 9.8317	 0.0038214	 0.027409	
glutamine_159	 30.198	 5.76E-06	 0.00011555	 3.6256	 0.066528	 0.3145	 11.577	 0.0019108	 0.018066	
glutamine_171	 7.5196	 1.02E-02	 3.25E-02	 4.2384	 4.83E-02	 0.24893	 8.5937	 0.0063985	 0.039144	
*	glutamine_173	 10.218	 0.0032673	 0.014158	 9.1336	 5.10E-03	 0.046095	 10.378	 0.0030634	 0.024507	
leucine_184	 2.271	 1.42E-01	 2.27E-01	 0.84027	 0.36663	 0.85684	 11.694	 1.83E-03	 0.018066	
lysine_129	 1.4849	 2.33E-01	 0.32456	 0.026503	 8.72E-01	 0.92853	 21.459	 6.57E-05	 0.0027314	
methionine/glutamine_172	 14.033	 0.00076349	 0.0049627	 3.9906	 5.49E-02	 0.26552	 15.2	 5.04E-04	 0.0067366	
phe/trp_36	 0.31673	 0.57776	 0.63991	 0.24698	 0.62283	 0.92135	 15.198	 0.00050442	 0.0067366	










































*	proline/glutamate_176	 31.751	 3.88E-06	 8.98E-05	 29.824	 6.34E-06	 0.00047849	 18.301	 0.000177	 0.0052594	
*	proline_177	 7.9789	 0.0083332	 0.027957	 26.125	 1.70E-05	 0.00085531	 13.072	 0.0010851	 0.011879	
pyroglutamate/glutamine_158	 10.312	 0.0031457	 0.013921	 6.8998	 0.013446	 0.09943	 17.096	 0.00026337	 0.006073	
*	pyroglutamate_160	 51.946	 5.07E-08	 2.64E-06	 14.601	 0.00062274	 0.0086353	 23.5	 3.58E-05	 0.0018619	
*	pyroglutamate_162	 29.964	 6.11E-06	 0.00011555	 24.797	 2.47E-05	 0.00085531	 15.382	 0.000473	 0.0067366	
*	sarcosine_139	 12.228	 0.0014894	 0.0077448	 21.648	 6.20E-05	 0.001612	 25.54	 2.00E-05	 0.0018619	
trehalose/glucose_106	 1.3071	 0.26196	 0.35381	 0.020021	 0.88843	 0.93803	 12.204	 0.001503	 0.015631	
trehalose/glucose_89	 0.22902	 0.63572	 0.68159	 0.39598	 0.53393	 0.89445	 15.628	 0.00043423	 0.0067366	
trehalose_107	 8.1615	 0.0076996	 0.027572	 1.517	 0.22764	 0.72386	 17.043	 0.00026809	 0.006073	
trehalose_66	 6.445	 0.016552	 0.046524	 1.5034	 0.22969	 0.72386	 8.9164	 0.0055824	 0.036286	
trehalose_88	 2.392	 0.13245	 0.21926	 0.54528	 0.46599	 0.86791	 15.016	 0.00053772	 0.0067366	
trehalose_96	 8.0138	 0.008208	 0.027957	 1.1811	 0.28578	 0.80327	 20.016	 0.00010241	 0.0035504	
tryp/tyr_39	 6.7112	 0.014649	 0.043529	 0.092824	 0.76272	 0.92135	 9.1964	 0.0049653	 0.034426	
unknown_126	 16.09	 0.00037024	 0.0028522	 0.13875	 0.71215	 0.92135	 10.219	 0.0032657	 0.025158	
unknown_128	 21.895	 5.76E-05	 0.00079805	 1.4766	 0.23378	 0.72576	 10.627	 0.0027735	 0.023563	
unknown_183	 2.6874	 0.11159	 0.19838	 1.144	 0.29333	 0.81351	 16.61	 0.00031016	 0.006073	
unknown_34	 0.052665	 0.82005	 0.83613	 0.1637	 0.68864	 0.92135	 8.7051	 0.0061031	 0.038468	
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5.4	Discussion	
	
5.4.1	Whole	genome	sequencing	(WGS)	helps	elucidate	Potato	aphid	genotypes	
	
The	present	study	aimed	to	further	define	variation	between	Potato	aphid	
genotypes	at	the	genetic	level,	followed	by	identifying	specific	variants	to	the	A.	
ervi	resistant	genotype	1	and	assess	any	phenotypic	effect	of	these	changes	
through	studying	the	Potato	aphid	metabolome.	As	discussed	in	chapter	3,	
common	genotypes	of	M.	euphorbiae	appeared	distinct	enough	to	discern	based	
on	a	handful	of	polymorphic	microsatellites,	but	this	method	was	unable	to	
accurately	assess	whether	these	genotypes	have	any	genetic	relation.	Assessing	
genotype	relationships	using	whole	genome	sequencing	data,	however,	provides	
a	much	clearer	picture.	Specifically,	high	values	of	Fst	and	clustering	of	individuals	
in	PCA	analysis	support	strict	clonality	and	the	lack	of	sexual	reproduction.	Aphid	
genotypes	also	differed	in	their	strain	of	Buchnera	symbiont.	Phylogenetic	analysis	
of	B.	aphidicola	demonstrates	clustering	based	on	host	aphid	genotype,	apart	
from	genotype	2	which	appears	to	form	several	sub-clusters	for	Buchnera.	The	
small	level	of	divergence	in	genotype	2	lines	as	identified	by	PCA	and	the	potential	
for	differences	in	Buchnera	within	genotype	2	support	the	idea	of	sub-genotypes	
within	Potato	aphid	genotypes	that	was	alluded	to	in	section	3.3.1.	
	
5.4.2	Copy	number	aberrations	and	their	link	to	multiple	Potato	aphid	phenotypes	
	
Obligate	asexuality	within	the	Potato	aphid	presents	issues	related	to	discovery	of	
genetic	variations	behind	phenotypes	of	interest,	in	this	case	parasitoid	
resistance.	A	lack	of	sexual	recombination	and	the	prevalence	of	only	a	handful	of	
genotypes	results	in	a	high	number	of	genic	variants	linked	to	specific	genotypes.	
This	results	in	a	high	number	of	false	positives	where	multiple	quantitative	trait	
loci	(QTLs)	will	be	linked	to	genotype	rather	than	phenotype.	Asexuality	also	
prevents	the	use	of	backcrossing	as	a	tool	to	further	identify	QTLs	within	the	
genome.	Therefore,	the	project	has	relied	heavily	on	identifying	shared	variance	
between	genotypes	of	M.	euphorbiae	as	well	as	potential	differences	between	
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aphid	species.	The	study	has	also	focussed	mainly	on	immune	related	genes,	
based	on	Pea	aphid	orthologues	previously	identified	in	Gerardo	et	al.	(2010).	
	
Orthologue	analysis	identified	some	orthogroups	showing	potato	aphid	specific	
expansion,	specifically	genes	linked	to	Hsc70,	glutathione-S-transferases	(GstD6),	
and	CLIP-domain	serine	proteases	(serpins)	(section	4.3.6).	Surprisingly,	there	is	
also	loss	of	one	of	the	copies	of	proPO.	Regarding	CNV	of	these	genes	within	other	
M.	euphorbiae	genotypes,	the	latter	three	all	show	similar	gene	gain/loss	in	
genotype	1,	suggesting	variations	in	GstD6,	serpins	and	proPO	are	less	common	in	
parasitoid	susceptible	genotypes.	Hsc70	shows	no	copy	number	variation,	
therefore	is	likely	to	be	a	Potato	aphid	specific	expansion.	With	Hsc70	potentially	
being	linked	to	cold	tolerance	(Burton	et	al.,	1988;	Rinehart	et	al.,	2000),	this	
could	be	a	cause	of	increased	survival	during	winter	and	potentially	relate	to	M.	
euphorbiae’s	switch	to	asexuality.		
	
On	the	face	of	it,	a	loss	of	proPO	may	not	be	too	concerning	for	the	aphid,	
considering	the	melanisation	pathway	is	believed	to	be	attenuated	to	
accommodate	symbiosis	with	Buchnera	and	other	secondary	endosymbionts	
(Laughton	et	al.,	2011;	Schmitz	et	al.,	2012).	The	larger	expansion	of	serpins	
believed	to	activate	the	melanisation	pathway	confounds	this	issue,	however,	
(assuming	these	are	complete	and	not	pseudogenic).	Serpins	are	understood	to	
consist	of	expanded	gene	families,	having	undergone	duplication	(Ross	et	al.,	
2003;	Yang	et	al.,	2017)	and	have	previously	been	shown	to	mediate	melanisation	
against	eukaryotic	invaders	(Abraham	et	al.,	2005).	Further	biochemical	assays	
may	therefore	be	required	to	assess	this.		
	
GstD6	encodes	a	delta-class	GST,	linked	to	recent	adaptation	and	insecticidal	
resistance	(Enayati	et	al.,	2005;	Ranson	&	Hemingway,	2005).	Not	only	do	we	
observe	genotype	1	specific	expansion	here	(g4723	and	g4725)	in	the	form	of	a	
possible	tandem	duplication,	they	belong	to	one	of	the	only	two	sets	of	immune	
gene	paralogues	under	positive	selection.	Knowing	the	role	of	A.	ervi	venom	and	
the	generation	of	a	hospitable	environment	for	the	developing	larvae	(Digilio	et	
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al.,	2000;	Colinet	et	al.,	2014),	I	speculate	that	GstD6	of	M.	euphorbiae	has	
evolved	to	prevent	this,	perhaps	through	improved	clearing	of	free-radicals	built	
up	through	host-castration	or	increased	capacity	for	removing	exogenous	
compounds	found	in	the	wasp	venom	itself.		
	
5.4.3	Minor	variations	between	Potato	aphid	metabolomes	
	
Initial	analysis	suggests	that	metabolomes	between	genotypes	1	and	2	contain	
enough	subtle	variances	that	they	can	be	somewhat	distinguished	from	one	
another.	Most	of	these	discriminating	compounds	are	little	studied	in	aphids,	such	
as	the	increase	in	imidazole	and	inosine	observed	in	genotype	2	nymphs	at	four	
days-old.	Genotype	1,	however,	potentially	demonstrates	elevated	levels	of	
riboflavin.	This	could	be	supported	by	a	SNP	variant	located	in	the	riboflavin	
kinase	gene,	ribF,	in	the	Buchnera	endosymbiont	specific	to	genotype	1.	While	
riboflavin	and	ribF	regulation	is	required	for	healthy	aphids,	especially	in	nymph	
and	embryonic	stages	(Nakabachi	&	Ishikawa,	1999;	Bermingham	et	al.,	2009;	De	
Clerck	et	al.,	2015),	Nakabachi	&	Ishikawa	(1999)	also	determined	excess	
riboflavin	introduced	through	the	diet	is	detrimental	to	aphid	fitness.	What	effect	
increased	riboflavin	has	in	Potato	aphid	genotype	1	is	unclear,	but	could	be	an	
example	of	a	phenotypic	effect	on	the	host	aphid	due	to	genetic	variation	of	the	
endosymbiont	host.	
	
While	metabolomics	can	still	be	a	powerful	and	cost-effective	tool	for	studying	
variations	in	biological	process	between	samples,	it	was	not	as	effective	here	as	
hoped	in	studying	parasitoid	resistance.	At	the	outset,	with	no	indication	for	the	
root	cause	behind	resistance,	a	broad-targeting	experiment	would	be	required	to	
identify	genes	of	interest.	A	similar	experiment	taking	a	transcriptomic	approach	
would	also	be	extremely	costly,	especially	if	the	end-result	still	does	not	provide	
an	answer.	Therefore,	a	metabolomics	approach	was	taken.	Two	specific	
pathways	of	interest	(melanisation	pathway	and	detoxification/ROS	response)	
were	not	deemed	to	change	in	response	to	parasitism	challenge.	Understanding	
about	the	former	of	the	two	was,	unfortunately,	hampered	by	a	lack	of	annotated	
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compounds	such	as	derivatives	of	melanin	and	dopachrome	that	are	required	
within	the	pathway.		
	
Fluctuations	of	sugars	within	the	Potato	aphid	are	observed	between	genotypes	
fllowing	parasitism	challenge.	Specifically,	genotype	1	aphids	show	a	decrease	in	
trehalose	(a	major	carbohydrate	energy	source)	as	well	as	increasing	levels	of	
glucose	in	response	to	A.	ervi	attack.	This	catabolising	of	trehalose	into	glucose	is	
similar	to	the	response	observed	in	Drosophila	to	fuel	the	cellular	immune	
response	(Bagjar	et	al.,	2015;	Dolezal	et	al.,	2019).	However,	the	attenuated	
immune	response	previously	observed	in	aphids	(Laughton	et	al.,	2011)	
contradicts	this,	and	therefore	suggests	glucose	is	utilised	in	a	different	
immunological	response.		
	
5.4.4	Conclusion	
	
Asexuality	in	UK	populations	of	M.	euphorbiae	provides	challenges	to	identifying	
the	genetic	cause	of	parasitism	resistance	to	A.	ervi.	However,	through	genome	
sequencing	of	the	most	prevalent	genotypes,	it	is	possible	to	imply	some	immune	
pathways	of	interest,	such	as	those	linked	to	detoxification.	Metabolomics	was	
unable	to	support	observed	genetic	variance	in	immune	genes,	primarily	due	to	
difficulties	in	identifying	metabolite	compounds,	but	highlights	some	metabolome	
variation	between	genotypes	1	and	2.	Going	forward,	theorised	immune	pathways	
potentially	linked	to	parasitoid	resistance	may	require	the	use	of	immunological	
assays,	or	transcriptomic	studies.		
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5.5	Supplementary	figures	
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Supplementary	figure	1.	Select	metabolite	peaks	showing	significantly	different	
abundance	(based	on	metabolite	peak	size)	across	all	factors	tested	(genotype,	
treatment	and	interaction).	Genotype	1	and	2	are	denoted	by	“g1”	and	“g2”	
respectively.	“Challenge”	indicates	those	attacked	by	A.	ervi	while	“Control”	are	
those	not	attacked.	Plots	generated	through	the	MetaboAnalyst	web-portal.		
	
	
	
	
	
	
	
	
	
	
	
Supplementary	figure	2.	Trehalose	metabolite	peak	abundances	(based	on	
metabolite	peak	size).	The	drop	in	trehalose	in	genotype	1	is	significant	at	the	
level	of	interaction	between	A.	ervi	challenge	and	genotype	(see	table	6).	
Genotype	1	and	2	are	denoted	by	“g1”	and	“g2”	respectively.	“Challenge”	
indicates	those	attacked	by	A.	ervi	while	“Control”	are	those	not	attacked.	Plots	
generated	through	the	MetaboAnalyst	web-portal.	
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6.	General	discussion	
	
6.1	Summary	of	the	work	
	
6.1.1	Rationale	for	studying	M.	euphorbiae	
	
Of	approximately	5,000	described	aphid	species,	455	have	the	potential	to	cause	
widespread	damage	on	crop	via	the	spread	of	harmful	plant	pathogens	(Blackman	
&	Eastop,	2000).	This	study	focussed	specifically	on	one	of	these	pests,	the	Potato	
aphid,	Macrosiphum	euphorbiae,	a	polyphagous	aphid	capable	of	causing	
reductions	in	crop	yield	through	direct	damage	caused	by	feeding	and	as	a	vector	
or	crop	viruses.	As	observed	in	other	aphid	species,	individuals	within	M.	
euphorbiae	populations	present	heightened	resistance	to	the	natural	enemy	
Aphidius	ervi	(Clarke	et	al.,	2017).	Aphid	resistance	to	parasitism	in	many	aphid	
species	is	frequently	conferred	by	the	symbiotic	relationship	with	aphid	bacterial	
endosymbionts,	such	as	Hamiltonella	defensa	for	example	(e.g.	Oliver	et	al.,	2003;	
Ferrari	et	al.,	2004).	However,	it	is	becoming	more	apparent	that	innate	factors	
can	also	play	a	part	(Martinez	et	al.,	2014),	especially	with	regard	to	the	Potato	
aphid	(Clarke	et	al,	2017).	Not	only	is	it	important	that	the	genetic	basis	and	
physiological	mechanisms	underpinning	these	phenotypes	are	understood,	it	is	
imperative	that	the	frequency	of	individuals	presenting	increased	tolerance	to	
control	is	monitored.	Previous	cases	of	aphid	clones	with	advantageous	traits,	or	
“superclones”,	highlights	the	importance	of	monitoring	(Chen	et	al.,	2012;	Rubio-
Melendez	et	al.,	2019).	Ideally,	identifying	where	pockets	of	tolerance	against	
control	exist	can	inform	IPM	strategies	and	the	shift	to	more	effective	control	
methods.	Increasing	our	understanding	of	the	underlying	genetic	causes	behind	
resistance	to	control	will	also	drive	the	generation	of	new	pest	control	methods	
that	circumvent	these	mechanisms.	For	example,	knowledge	of	the	cause(s)	of	
parasitoid	resistance	could	be	used	as	a	basis	for	selective	breeding	for	parasitoid	
types	capable	of	overcoming	aphid	immunity.		
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6.1.2	Further	insights	into	UK	populations	of	M.	euphorbiae	
	
While	M.	euphorbiae	have	commonly	been	observed	to	exist	as	a	cyclical	
parthenogenetic	species	in	the	USA,	the	majority	of	UK	populations	appear	to	
maintain	strict	asexuality,	as	suggested	by	work	in	chapters	3	and	5.	Using	
microsatellite	analysis,	apart	from	16	singletons	that	could	not	be	placed,	Potato	
aphids	fell	into	one	of	eight	distinct	genotypes.	Genotype	classifications	were	
further	supported	by	genotyping	based	on	whole	genome	sequencing.	Genotype	
2	was	the	most	frequently	encountered	genotype	in	native	aphid	populations,	
followed	by	genotype	3.	Interestingly,	genotype	3	was	never	found	in	a	
commercial	setting,	suggesting	a	role	for	host	range	in	its	distribution	or	
potentially	even	insecticide	sensitivity.	Regarding	frequency	of	A.	ervi	resistant	
genotype	1,	its	proportion	within	the	population	was	surprisingly	low.	Where	
other	aphids	harbour	such	tolerances	or	advantageous	features,	it	can	often	be	
associated	with	a	fitness	cost	(Gwynn	et	al.,	2005;	Foster	et	al.,	2010;	Polin	et	al.,	
2014).	However,	there	was	no	evidence	from	this	study	that	A.	ervi	resistant	lines	
experienced	a	fitness	cost	in	terms	of	post	attack	survival	and	fecundity,	nor	in	
response	to	exposure	to	sub-zero	temperatures.	In	fact,	findings	suggested	that	
adults	aphids	of	the	A.	ervi	resistant	genotype	have	increased	cold	tolerance	and	
therefore	greater	chance	of	survival	during	winter.	These	findings	pose	a	
conundrum	-	that	the	advantageous	traits	do	not	confer	increased	frequency	of	
the	resistant	genotype	in	the	wild	and	suggests	another	factor	limits	their	
abundance.	It	may	be	that	host	plant	and	its	quality	as	a	source	of	nutrition	plays	
more	of	a	role,	as	alluded	to	in	Karley	et	al.	(2017),	or	predatory	natural	enemies	
other	than	parasitoid	wasps	play	a	much	larger	role	in	curbing	Potato	aphid	
populations.	
	
6.1.3	Contribution	of	the	M.	euphorbiae	genome	to	the	field	
	
One	of	the	main	aspects	of	this	project	was	to	characterise	the	genetic	basis	of	
resistance	to	A.	ervi	in	genotype	1	Potato	aphids	using	a	mixture	of	comparative	
genomics	and	metabolomics	(chapters	4	and	5).	The	first	step	of	which	required	
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the	generation	of	a	high	quality	draft	genome.	The	Potato	aphid	genome	was	
constructed	with	a	combination	of	“gold-standard”	methods,	using	long-read	
PacBio	sequence	reads	followed	by	further	contig	orientation	and	scaffolding	with	
10x	linked	reads	and	Hi-C	scaffolding,	the	latter	of	which	is	becoming	the	standard	
for	chromosome	scale	assemblies.	The	use	of	this	approach	allows	a	better	
understanding	of	genome	structure	and	evolution	between	related	species,	
especially	with	regards	to	large	structural	rearrangements	that	in	turn	could	
impact	gene	functionality.	Currently,	along	with	recent	Hi-C	integrated	genomes	
for	Acyrthosiphon	pisum	(Li	et	al.,	2019)	and	Rhopalosiphum	maidis	(Chen	et	al.,	
2019),	M.	euphorbiae	is	only	the	third	aphid	genome	to	be	assembled	to	such	a	
high	level.		
	
The	use	of	long	reads	and	long	range	information	was	essential	in	assembly	for	
the	Potato	aphid	genome	given	its	highly	repetitive	structure,	with	approximately	
40%	of	the	genome	consisting	of	repeat	elements	(chapter	4).	Characterizing	
repeat	regions	correctly	could	lead	to	identification	of	genes	sometimes	lost	in	
short-read	assemblies	alone,	or	identify	transposable	elements	that	are	often	
linked	to	increases	in	genome	size	or	gene	duplication/loss	(Kidwell,	2002;	Bast	et	
al.,	2015).	While	not	studied	in-depth	here,	long-spanning	linkage	information	is	
also	useful	in	haplotype	resolution,	where	single	haplotype	assemblies	may	
contain	a	combination	of	different	sequences	from	diploid	chromosomal	sets	(or	
more	in	the	case	of	polyploid	genomes).	Resolving	these	haplotypes	correctly	may	
uncover	structural	variation	pertinent	to	the	phenotypes	observed	in	genotype	1,	
as	previously	seen	in	other	work	studying	haplotype-resolved	genomes	(Koren	et	
al.,	2018).	
	
6.1.4	Multiple	candidate	causes	of	A.	ervi	resistance	
	
The	ideal	approach	to	study	the	genetic	basis	of	A.	ervi	resistance	in	M.	
euphorbiae	would	be	a	classical	approach,	performing	back-crosses	between	
susceptible	and	resistant	lines	and	identifying	quantitative	trait	loci	between	
genomes	of	the	parents	and	offspring.	Unfortunately,	the	lack	of	sexual	
	 172	
reproduction	in	these	lines	makes	this	method	impossible.	Instead,	a	multi-omic	
approach	was	utilised	to	identify	a	list	of	candidate	genes	and	pathways	that	
could	be	implicated.	Metabolomics	data	indicates	the	mounting	of	an	immune	
response	through	the	conversion	of	trehalose	to	glucose	for	use	as	an	energy	
source,	but	which	pathway	this	fuels	is	unclear.	Increased	glucose	consumption	is	
required	during	an	encapsulation	response	in	other	insects,	but	the	response	in	
aphids	is	believed	to	be	weak	(Laughton	et	al.,	2011).	Comparative	genomics	
between	other	aphid	species	and	the	sequenced	Potato	aphid	genotypes	suggests	
a	role	for	multiple	immune	pathways,	such	as	JAK/STAT	and	Toll	pathways,	stress	
response	pathways	and	genes	linked	to	detoxification	(chapters	4	and	5).	The	
complicated	nature	of	resistance	to	parasitoids	(Jalvingh	et	al.,	2014;	Gerritsma	et	
al.,	2019)	suggests	it	is	likely	that	multiple	pathways	may	be	required	to	confer	a	
greater	chance	of	survival.	This	is	also	seen	in	other	types	of	resistance	traits,	such	
as	recently	observed	insecticide	resistance	in	malaria	mosquitoes	requiring	
multiple	copy	number	aberrations	(Lucas	et	al.,	2019).		
	
6.1.5	A	possible	role	for	Buchnera	in	genotypic	variation	
	
Buchnera	aphidicola	plays	a	vital	role	within	the	aphid	host,	providing	essential	
nutrients	the	aphid	it	is	unable	to	synthesise	itself	or	obtain	from	its	phloem	sap	
diet.	Simultaneously,	the	aphid	is	also	providing	the	Buchnera	with	nutrition	which	
it	cannot	synthesise	in	the	form	of	carbon	compounds	and	amino	acids.	This	
dependency	between	the	aphid	and	the	bacterial	symbiont	is	highlighted	by	the	
tightly	woven	pathways	of	amino	acid	biosynthesis	genes	between	the	two	
organisms	(Shigenobu	et	al.,	2000;	IAGC,	2010).	Some	work,	however,	suggests	
the	role	of	Buchnera	could	also	extend	beyond	nutritional	benefit	(Dunbar	et	al.,	
2007)	and	that	Buchnera	are	specialised	to	their	specific	aphid	host,	even	
between	individuals	belonging	to	the	same	aphid	species	(Chong	&	Moran,	2016).	
At	a	larger	evolutionary	distance,	it	may	be	apparent	that	differences	in	gene	
repertoire	of	the	Buchnera	genome	dictates	host	range	amongst	aphids,	as	hinted	
at	by	Jiang	et	al.,	(2013)	in	relation	to	the	role	of	the	asparaginase	ansA	and	
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asparagine	(a	common	phloem	sap	constituent),	where	ansA	is	rare	in	Buchnera	
genomes,	but	its	presence	may	allow	a	more	adaptive	use	of	dietary	amino	acids.	
	
Variant	analysis	between	Buchnera	strains	belonging	to	different	genotypes	of	
host	Potato	aphid	further	demonstrates	the	clonality	of	these	aphids,	with	
Buchnera	strains	clustering	based	on	the	genotype	of	their	aphid	host	(chapter	5).	
Whether	genomic	variants	between	Buchnera	strains	have	differing	effects	on	
their	host	fitness	is	uncertain,	but	evidence	from	metabolomic	studies	of	
genotypes	1	and	2	indicate	there	are	differences	between	variants	in	metabolic	
capacity	(chapter	5).	One	example	is	the	increase	in	riboflavin	provision	in	
genotype	1	(chapter	5),	with	riboflavin	being	an	important	essential	nutrient	in	
young	aphid	development	(Nakabachi	&	Ishikawa,	1999).		
	
6.2	Future	work	
	
6.2.1	Genomic	and	metabolomic	resources	for	M.	euphorbiae	
	
The	generation	of	a	near-chromosome	level	assembly	for	M.	euphorbiae	is	
useful	for	the	further	understanding	of	genome	evolution	within	aphid	species,	
and	a	useful	tool	for	scaffolding	of	other	related	organisms	that	may	be	
sequenced	in	the	future.	With	regard	to	further	study	of	the	Potato	aphid	
genome,	the	reference	genome	generated	here	as	well	as	the	short-read	libraries	
for	the	other	most	prevalent	genotypes	could	represent	most	(if	not	all)	of	the	
current	genetic	composition	of	M.	euphorbiae	within	the	UK.	Investigation	into	
each	genotype	genome	could	uncover	potential	targets	for	methods	of	control,	
resulting	in	a	more	tailored	approach	for	IPM	where	it	is	required.	However,	
considering	the	dominance	of	genotypes	2	and	3,	it	may	be	more	relevant	to	
future	control	to	have	higher	quality	draft	assemblies	of	these	two	populations.	
Both	genotypes	may	vary	in	host	range	(Karley	et	al.,	2017;	chapter	3),	therefore	
genome	assemblies	may	uncover	other	gene	repertoires	associated	with	this	
behaviour,	such	as	those	associated	with	chemosensory	and	olfactory	proteins	
(Duvaux	et	al.,	2015),	or	aphid	effector	proteins	(Pitino	&	Hogenhout,	2013).		
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Metabolome	comparison	between	aphid	genotypes	1	and	2	suggested	a	handful	
of	compounds	that	varied	in	tissue	concentrations,	such	as	the	potential	
difference	in	riboflavin	provision	from	the	Buchnera	symbiont.	The	variation	
between	Buchnera	strains	within	genotypes	could	also	be	a	source	of	variation	in	
the	aphid	host,	especially	if	ultimately	it	influences	host	development,	
reproductive	capacity	or	(less	likely)	host	plant	range,	and	therefore	may	warrant	
further	study.		
	
6.2.2	Further	study	into	parasitoid	resistance	and	other	resistance	traits	in	M.	
euphorbiae	
	
This	project	and	previous	work	have	demonstrated	that	genotype	1	aphids	exhibit	
multiple	advantageous	fitness	traits:	having	greater	cold	tolerance	(chapter	3),	no	
obvious	loss	of	fitness	after	attack	(chapter	3)	and	elevated	esterase	activity	and	
therefore	potentially	greater	tolerance	to	insecticides	(Foster	et	al.,	2002;	Clarke	
et	al.,	2018),	as	well	as	A.	ervi	resistance	and	high	reproductive	capacity	under	
benign	conditions	(Clarke	et	al.,	2017).	This	demonstrates	genotype	1	M.	
euphorbiae	generally	has	a	greater	tolerance	for	stress	from	external	stimuli	
which	may	require	further	study,	especially	if	it	is	useful	in	IPM	strategies.	
	
With	elevated	tolerance	to	A.	ervi	attack	appearing	a	complex	trait	to	study,	it	
may	unfortunately	require	a	more	quantitative	approach	to	discern	the	genes	of	
interest,	specifically	through	transcriptome	studies	of	aphid	responses	following	
wasp	challenge.	The	variable	efficiency	of	successful	oviposition	by	A.	ervi	(Sidney	
et	al.,	2010),	as	well	as	the	need	for	multiple	time	points	and	multiple	aphid	
genotypes	(both	with	and	without	attack	for	control	purposes),	would	therefore	
require	a	costly	and	time-consuming	experiment.	However,	the	experiment	may	
be	reduced	in	scale	should:	i)	the	time	at	which	an	immune	response	occurs	be	
pin-pointed;	and	ii)	specific	pathways	of	interest	be	identified	beforehand	to	allow	
a	targeted	approach.	As	suggested	in	chapter	3,	no	apparent	loss	of	fitness	in	
genotype	1	would	suggest	that	parasitism	resistance	results	from	an	early	
response	against	the	A.	ervi	egg	and/or	venom,	before	any	negative	effects	such	
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as	loss	in	fecundity	or	decreased	longevity	occur	(Clarke	et	al.,	2017).	Specific	
biochemical	assays	for	phenoloxidase	activity,	ROS	response	or	haemocyte	
counting	for	assessing	the	encapsulation	response	could	also	be	used	to	implicate	
or	rule	out	these	immune	pathways.	Should	any	of	these	measures	of	immune	
responses	be	elevated	in	resistant	lines,	this	may	allow	a	targeted	transcriptomic	
approach	(e.g.	via	qPCR),	again	reducing	overall	time	and	cost.		
	
6.2.3	Breeding	programmes	for	overcoming	resistance	
	
As	with	phenotypic	variation	in	Potato	aphid	genotypes,	there	are	likely	multiple	
phenotypes	that	arise	within	A.	ervi	as	well	that	can	overcome	aphid	resistance	to	
parasitism.	Perhaps	understanding	the	parasitoid	genetic	changes	that	can	lead	to	
breaking	genotype	1	resistance	would	provide	more	information	on	how	
genotype	1	Potato	aphids	can	prevent	development	of	the	wasp	larvae.	However,	
with	genotype	1	frequency	being	so	low	in	the	population,	the	requirement	for	A.	
ervi	that	can	successfully	parasitize	this	population	of	M.	euphorbiae	is	low.	While	
speculative,	it	would	also	remain	to	be	seen	how	this	may	change	the	efficiency	of	
A.	ervi	parasitizing	other	aphid	genotypes,	perhaps	even	other	aphid	species,	the	
efficiencies	of	other	parasitoid	wasp	species	on	these	aphids	(Alspen	et	al.,	2014),	
and	how	these	could	affect	aphid	population	dynamics	(Herzog	et	al.,	2007;	Käch	
et	al.,	2017).	
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6.3	General	Conclusions	
	
Despite	the	high	level	of	A.	ervi	resistance	in	genotype	1,	this	does	not	lead	to	high	
frequency	of	this	genotype	within	the	tested	UK	Potato	aphid	population.	This,	as	
well	as	population	frequencies	observed	in	dominant	genotypes	2	and	3,	
demonstrate	the	value	of	monitoring	within-species	genotypic	composition	and	
how	it	may	inform	IPM	for	M.	euphorbiae.	Genome	and	metabolome	work	have	
also	highlighted	how	strikingly	different	Potato	aphid	genotypes	can	be,	both	at	
the	level	of	the	aphid	and	Buchnera	symbiont.	While	studying	this	variation	does	
not	uncover	the	genetic	basis	for	A.	ervi	resistance,	it	does	provide	more	
interesting	features	of	M.	euphorbiae	to	study	going	forward,	as	well	as	further	
investigate	genome	evolution	in	Aphididiae.	
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